Intrahepatic lipid accumulation is extremely common in obese subjects and is associated with the development of insulin resistance and diabetes. Hepatic diacylglycerol and triacylglycerol synthesis predominantly occurs through acylation of glycerol-3-phosphate. However, an alternative pathway for synthesizing diacylglycerol from monoacylglycerol (monoacylglycerol acyltransferases (MGATs)) could also contribute to hepatic glyceride pools. MGAT activity and the expression of the three genes encoding MGAT enzymes (MOGAT1, MOGAT2, and MOGAT3) were determined in liver biopsies from obese human subjects before and after gastric bypass surgery. MOGAT expression was also assessed in liver of subjects with non-alcoholic fatty liver disease (NAFLD) or control livers. All MOGAT genes were expressed in liver and hepatic MGAT activity was readily detectable in liver lysates. The hepatic expression of MOGAT3 was highly correlated with MGAT activity, whereas MOGAT1 and MOGAT2 expression was not and knockdown of MOGAT3 expression attenuated MGAT activity in a liver-derived cell line. Marked weight loss following gastric bypass surgery was associated with a significant reduction in MOGAT2 and MOGAT3 expression, which were also overexpressed in NAFLD subjects. In conclusion, these data suggest that the MGAT pathway is active and dynamically regulated in human liver and could be an important target for pharmacologic intervention for the treatment of obesity-related insulin resistance and NAFLD.
Introduction
Obesity is associated with nonalcoholic fatty liver disease (NAFLD), which represents a spectrum of liver abnormalities that are characterized by an increase in intrahepatic triacylglycerol (TAG) content (i.e. steatosis) with or without inflammation and fibrosis (i.e. steatohepatitis). The presence of steatosis is an important marker of metabolic dysfunction and correlates closely with multi-organ insulin resistance and dyslipidemia (1) , which are key risk factors for diabetes and coronary artery disease. However, the mechanisms responsible for the link between increased intrahepatic TAG content and metabolic disease are not clear.
It has been hypothesized that the hepatocellular accumulation of specific lipid intermediates, including diacylglycerol (DAG), acyl-CoA, and ceramide, in people with NAFLD is the molecular mechanism driving insulin resistance (2, 3) . Accordingly, an understanding of the metabolic interrelationships among hepatic glycerolipid synthesis and lipid intermediates has important physiological and clinical implications. There are two pathways for diacylglycerol synthesis. In the liver, most DAG and TAG is synthesized from the sequential acylation of glycerol-3-phosphate. However, these lipids can also be synthesized from monoacylglycerol through the monoacylglycerol acyltransferase (MGAT) pathway ( Figure 1 ) (4, 5) . The MGAT and glycerol-3-phosphate pathways are convergent and each result in the synthesis of DAG, which is then acylated to form TAG by the DAG acyltransferase (DGAT) enzymes ( Figure 1 ).
The MGAT pathway is an important TAG biogenesis pathway in intestinal epithelial cells, which re-esterify dietary fat into chylomicron particles. There is evidence that the MGAT pathway is active in neonatal and diabetic rodent liver (6, 7) and may also be present in liver of adult humans (8) , but the relevance of MGAT activity to intrahepatic lipid metabolism is unclear.
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In the last decade, the genes that encode MGAT activity (9) (10) (11) , which are known as MOGATs to avoid confusion with the genes encoding mannosyl (-1,3)-glycoprotein beta-1,2-N-acetylglucosaminyltransferases, have been cloned. In humans, there are three MOGAT family genes (MOGAT1, MOGAT2, and MOGAT3). Rodents also have three Mogat genes (Mogat1, Mogat2, and Mogat3). However, the human and murine MOGAT3/Mogat3 genes are not analogs and evolved separately in post-speciation duplication events. The murine Mogat3 genes arose from duplication of Mogat2, while human MOGAT3 gene may have arisen from duplication of the gene encoding DGAT2 (12) . Human MGAT3 also possesses significant DGAT activity and can catalyze both reactions required to convert monoacylglycerol to TAG (13) . In fact, the amino acid sequence of all the MGATs exhibits homology to that of DGAT enzymes, and the two principal DGATs also possess modest MGAT activity (4, 14, 15) .
Given the potential implications of MGAT activity in the pathogenesis of hepatic insulin resistance and NAFLD, we sought to evaluate MGAT activity and to characterize the expression of the MOGAT family genes in liver of human subjects. The novel findings of this study are that [1] the expression of MOGATs and MGAT activity is readily detectible in liver of human subjects, [2] hepatic MGAT activity is strongly correlated with MOGAT3 expression in obese human subjects, [3] the hepatic expression of MOGAT2 and MOGAT3 is significantly downregulated following gastric bypass surgery-induced weight loss, and [4] hepatic MOGAT2 and MOGAT3 expression is increased in subjects with NAFLD. Collectively, these data suggest that the MGAT pathway could be a therapeutic target for pharmacologic intervention for obesityrelated hepatic insulin resistance and NAFLD.

Research Design and Methods
Study Subjects
In Cohort 1, liver biopsies were obtained from 43 women and 11 men (BMI of 57.4 ± 11.9 kg/m2) during gastric bypass surgery (GBS), and MOGAT expression and MGAT activity were determined as described below. After subjects fasted overnight (12 h), blood samples were obtained to determine plasma glucose and insulin concentrations. GBS was performed the day after blood samples were collected. Liver tissue was obtained by needle biopsy during the GBS procedure, before gastric stapling and intestinal resection were performed. Hepatic tissue was rinsed in sterile saline, immediately frozen in liquid nitrogen, and then stored at -80°C until subsequent analyses.
Nine subjects from Cohort 1 (Cohort 2; Table 1 ) underwent a stable-isotopically labeled glucose tracer infusion the day before GBS and then again 1 year after surgery, in order to measure endogenous glucose production and the Hepatic Insulin Sensitivity Index (HISI).
Subjects were admitted to the GCRC at Washington University School of Medicine on the evening before the infusion study. At 1800 h, subjects consumed a standard meal, which provided ~ 8 kcal/kg body weight and contained 55% of total energy as carbohydrate, 30% as fat , IN) . The lysate was centrifuged at 400-500 X g for 10 min at 4°C, the supernatant removed and recentrifuged at 12,000-13,000 X g for 10 min at 4°C. The supernatant from the 12,000-13,000 X g spin was centrifuged at 104,000-109,000 X g for 60 min at 4°C and the pellet resuspended in a final volume of 1 ml of microsome preparation buffer and centrifuged in human liver biopsies, a standard curve was generated using the XTreme200 pooled human liver microsomes and the measured activity confirmed to be on the linear portion of the standard curve.
Methods
RNA isolation and
Adenoviral-mediated over-expression of human MGAT3. Adenovirus expressing human MGAT3
was generated by ViraQuest (North Liberty, IA). Human hepatocellular carcinoma cells, HepG2, were plated into 96-well plates (40,000/well) and transduced with hMGAT3 adenovirus (MOI = 75) for 48 hours. Cells were assayed for lipogenic activity using MO) was used as the acyl acceptor to more directly assess MGAT activity. Sodium dodecanoate was added to a final concentration of 400 M and the assay was allowed to proceed for 3.5 h prior to analysis as outlined above.
Sample analyses and calculations. Plasma insulin was determined by a radioimmunoassay, plasma glucose concentrations were measured by using an automated glucose analyzer (Yellow Springs Instruments Inc., Yellow Springs, OH), and plasma glucose TTR was determined by using gas chromatography-mass spectroscopy (GC-MS; MSD 5973 system with capillary column; Hewlett-Packard; Palo Alto, CA), as previously described (18). Isotopic steady state conditions were achieved during the final 30 min of the infusion period, so Steele's equation for steady-state conditions was used to calculate glucose kinetics (19) . Endogenous glucose production in plasma was calculated by dividing the glucose tracer infusion rate by the average plasma glucose TTR during the last 30 min of the infusion period. The HOMA-IR was calculated from fasting plasma glucose (in mol/L) and insulin (in mU/L) concentrations. Hepatic insulin sensitivity was determined by the reciprocal of the Hepatic Insulin Resistance Index, which was calculated as the product of the basal endogenous glucose production rate (in mol·kg·min -1 ) and fasting plasma insulin concentration (in mU/L) (20) .
Statistical Analyses. The relationships between tissue gene expression and enzymatic activity were determined by using Pearson Correlation Coefficients analyses. Paired t-test was used to evaluate the statistical significance of the difference in values before and one year after GBS.
Non-parametric Mann-Whitney test was used to evaluate the statistical significance of the difference between normal and NAFLD subjects. A p-value 0.05 was considered statistically significant.
Results
MOGAT family gene expression. Human MOGAT1, MOGAT2, and MOGAT3 mRNAs were all highly expressed in pooled liver RNA and MOGAT2 and MOGAT3 mRNAs were highly expressed in small intestinal RNA (Figure 2 ). In line with earlier observations (21), the human MOGAT1 transcript was found to be subject to extensive alternative splicing and, surprisingly, and we were unable to amplify the putative full-length MOGAT1 transcript from reverse- suggested that MGAT activity is very low in hepatic lysates (22, 23) . We postulated that lipase activity, which is reported to be very high in adult liver (24) , might be obscuring MGAT activity by depleting the substrate (MAG) or product (DAG) of MGAT enzymes (25) . After profiling several lipase inhibitors (data not shown), it was determined that inclusion of a non-specific lipase inhibitor (MAFP) in the reaction mixture increased the incorporation of [ 14 C]decanoylCoA into DAG and TAG by human liver microsomes ( Figure 3A ). In contrast, MAFP had no effect on intestinal MGAT activity. These data suggest that high lipase activity in the liver may mask MGAT activity in hepatic microsomes and, henceforth, MAFP was utilized in all MGAT activity assays.
To directly compare MGAT activity in human liver and intestinal isolates, a microsome titration was performed ( Figure 3B comparable to that observed in the intestine. Collectively, these data indicate that the overall MGAT activity in human liver, though markedly lower than in intestine, is readily detectable.
MOGAT3 expression is strongly related to hepatic MGAT activity in obese human subjects.
MGAT activity of hepatic lysates from 57 obese subjects (Cohort 1) was determined and correlated with the expression of MOGAT family genes using parallel biopsies. Prior to assaying the individual human tissue samples, the linearity of the liver microsomal MGAT reaction (20
M sn-2-monooleoylglycerol) was carefully examined and final assay conditions determined ( Figure 4 ). All subsequent MGAT assays were performed at room temperature for 60 min using 5 g of microsomal protein.
The expression of MOGAT3 was strongly related to MGAT activity (p = 0.01; Figure 5 ) as assessed by incorporation of [ 14 C]decanoyl CoA into DAG, TAG, or total incorporation into both DAG and TAG. This is consistent with MGAT3 acting as both an MGAT and DGAT enzyme (13) . In contrast, MOGAT2 expression was not correlated with MGAT activity ( Figure 5 ).
However, given the disconnect between MOGAT2 mRNA and MGAT2 protein in liver ( Figure   2 ), we cannot exclude the possibility that MGAT2 protein levels are regulated independent of the RNA and thus may correlate with MGAT activity. As expected, MOGAT1 mRNA levels were also not related to MGAT activity (Table 3 ). Hepatic expression of lysophosphatidylglycerol acyltransferase 1 (LPGAT1) and DGAT family genes, which also possess MGAT activity in vitro, was also not related to MGAT activity (Table 3) .
MGAT3 functions as both an MGAT and DGAT enzyme in HepG2 cells. Previous work has
suggested that MOGAT3, which may have arisen from duplication of the gene encoding DGAT2, enocodes an enzyme with both MGAT and DGAT activity. We sought to evaluate this further However, in the presence of the DGAT1i, the MAG incorporation into TAG was diminished.
Collectively, these data are consistent with the idea that most of the DAG synthesized by MGAT3 is rapidly converted to TAG and that MGAT3 functions as both an MGAT and DGAT enzyme in cultured cells.
MOGAT gene expression is diminished following marked weight loss and is increased in
subjects with NAFLD. Finally, we sought to determine whether MOGAT expression was regulated in liver by physiologic or pathologic stimuli. MOGAT2 and MOGAT3 expression was assessed in 9 extremely obese subjects undergoing RYGB (Cohort 2; Table 1 ). One year after RYGB, subjects had lost 38% of the initial BMI. RYGB led to a significant improvement in systemic and hepatic insulin sensitivity, as measured by the HOMA-IR value and the HISI, and decreased serum TAG concentrations ( Table 1 ). The hepatic expression of MOGAT2 and MOGAT3 was significantly down-regulated in biopsies obtained 1 year after RYGB compared to samples obtained during surgery ( Figure 7A ).
by guest, on January 20, 2018
www.jlr.org
Downloaded from
The expression of MOGATs was also assessed in a distinct cohort of subjects with NAFLD (Cohort 3; Table 2 ). These subjects were obese, but had an average BMI that was similar to the control group that did not have NAFLD. NAFLD subjects were hypertriglyceridemic (p<0.04), tended to be hyperinsulinemic (p<0.08) and had elevated alanine aminotransferase levels compared to controls (Table 2) . MOGAT2 and MOGAT3 expression was significantly increased in subjects with NAFLD compared to control subjects ( Figure 7B ). Collectively, these data suggest that MOGAT2 and MOGAT3 expression is up-regulated in subjects with NAFLD and that marked weight loss leads to a correction in the expression of these glyceride-synthesizing enzymes in extremely obese subjects.
Discussion
An understanding of the factors that control hepatic intermediary glycerolipid metabolism has important implications for the potential treatment of obesity-related metabolic diseases. In this study, we evaluated the expression and activity of the MGAT enzymes in liver of obese human subjects. Our data demonstrate that MGAT activity is present in human liver and that expression of the gene encoding MGAT3 is directly related to hepatic MGAT activity.
Furthermore, in a liver-derived cell line, siRNA-mediated knockdown of MOGAT3 led to reduced MGAT activity. Our data suggest that the expression of the MOGAT genes is dynamically regulated in liver of obese human subjects and is increased in subjects with NAFLD. The findings presented herein could have significant clinical implications, given the established link between DAG and activation of intracellular signaling pathways that negatively impact hepatic insulin sensitivity (2) . Drugs that specifically target MGAT3 could have therapeutic potential for treating hepatic insulin resistance, dyslipidemias, and other metabolic abnormalities associated with hepatic steatosis.
Work conducted in rodent models has suggested that intestinal MGAT activity is important for absorption of dietary fat (26) and that hepatic MGAT activity is important for controlling glycerolipid metabolism in neonatal liver (6, 7) . However, data from other studies suggest that the physiological importance of the MGAT enzymes in fatty acid metabolism in adult liver is minimal. For example, some reports show little MGAT activity in hepatic lysates from human subjects (23) . Similarly, Cortés et al. reported that, despite strong induction of Mogat1 and
Mogat2 mRNA and MGAT1 protein in the livers of Agpat2-deficient mice, they were unable to detect MGAT activity (22) . It was postulated this might be due to abundant lipase activity in the liver homogenates assayed. With this in mind, we profiled a number of known lipase inhibitors and found that, in the presence of MAFP, a non-specific inhibitor of the serine hydrolase superfamily of enzymes which includes multiple lipases, MGAT activity was readily detectable in human liver fractions. The carboxyl ester lipase activity is reported to be high in adult liver (24) and hepatic carboxyl ester lipases are known to be active against both MAG and DAG (25) .
The inhibition of this lipase may unmask hepatic MGAT activity by preventing the rapid hydrolysis of the MAG substrate and/or newly synthesized DAG or TAG.
The primary metabolic source of MAG, the substrate of MGATs needed for glyceride synthesis in liver, is not known. It is possible that one of the principal functions of MGATs in liver is to recycle MAG derived from lipolysis of intrahepatic TAG and DAG. Recycling of MAG intermediates during periods of rapid TAG turnover may be energetically favorable to new synthesis of glycerol-3-phosphate. Alternatively, the dephosphorylation of lysophosphatidic acid by lipid phosphate phosphatases can directly generate MAG (27, 28) . There is also one report of by guest, on January 20, 2018
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The results from our study underscore the importance of studying human liver tissue to understand the metabolic function and clinical relevance of the MGATs. For example, whereas the rodent Mogat1 gene encodes a protein that is expressed in stomach and kidney, the human MOGAT1 gene is primarily non-coding due to extensive alternative splicing (data not shown) (21) . The present study also suggests the importance of MOGAT3, which is not analogous to murine Mogat3, to hepatic MGAT activity. In fact, the mouse Mogat3 gene is a pseudogene (12) .
We also detected high expression of MOGATs in human liver, which is in close agreement with other reports (8) (9) (10) (11) , but contrast the expression profile in murine species. None of the Mogat genes is well-expressed in normal mouse liver, suggesting species-specific differences in expression profiles.
Recent work has suggested the potential utility of targeting MGAT activity in treatment of obesity-related diseases of the liver and other organs. It was recently demonstrated that Mogat2 knockout mice are protected from diet-induced obesity and hepatic steatosis (26) . There are also a few reports that the hepatic expression of Mogat1 (22, 30) and Lpgat1 (31) is up-regulated in mouse models of hepatic steatosis and that the targeted knockdown of Lpgat1 in liver of dietinduced obese mice reduced hepatic steatosis and insulin resistance (31) . These studies conducted in mouse models are consistent with the present findings that MOGAT2 and MOGAT3 expression is robustly increased in liver of subjects with NAFLD and was significantly downregulated by marked weight loss in extremely obese individuals. It is difficult to determine the molecular or physiologic factors that influence the expression of MOGAT2 and MOGAT3 in by guest, on January 20, 2018
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In summary, we found that the MGAT enzymes, are active in human liver and that the expression of the genes encoding these enzymes is dynamically regulated. The present data are also consistent with the idea that MGAT enzyme activity could represent a viable target for pharmacologic intervention to treat hepatic insulin resistance and NAFLD. [B] The box and whisker plots depict the expression of MOGAT2 and MOGAT3 in liver of subjects with NAFLD or control subjects. 
